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HIGHLIGHTS 


•  Microbial  fuel  cell  as  a  biocapacitor  by  using  pseudo-capacitive  anode  materials. 

•  The  biocapacitor  stores  electrons  generated  from  microbial  oxidation  of  substrate. 

•  The  average  power  significantly  increases  if  the  stored  energy  is  shortly  dissipated. 

•  The  charge/energy  stored  and  released  is  highly  dependent  on  the  anode  capacitance. 
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Here,  we  report  that  the  microbial  fuel  cell  (MFC)  containing  pseudo-capacitive  anode  materials  such  as 
polypyrrole  (PPy)/9,10-anthraquinone-2-sulfonic  acid  sodium  salt  (AQS)  composite  films  and  Ru02 
nanoparticles  can  function  as  a  biocapacitor,  able  to  store  bioelectrons  generated  from  microbial 
oxidation  of  substrate  and  release  the  accumulated  charge  upon  requirement.  Influences  of  the  specific 
capacitance  of  the  PPy/AQS-  and  Ru02-modified  carbon  felt  anodes  on  the  extent  of  accumulated  charge 
are  examined.  Results  show  that  increasing  anode  capacitance  is  responsible  for  the  increases  in  the 
amount  of  electrons  stored  and  released,  and  thereby  leading  to  more  energy  stored  and  average  power 
dissipated.  The  long-term  charging— discharging  tests  indicate  that  the  RuC>2-modified  biocapacitor  with 
a  specific  capacitance  of  3.74  F  cm2  exhibits  6%  loss  in  the  amount  of  released  charge  over  10  cycles  for 
one-month  operation,  and  40%  loss  over  60  cycles  for  six-month  operation.  Our  findings  suggest  that  the 
MFC  anode  incorporating  pseudo-capacitive  materials  shows  potential  for  storing  energy  from  waste 
organic  matter  and  releasing  in  a  short  time  of  high  power  to  the  electronic  device. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Microbial  fuel  cells  (MFCs)  are  attractive  for  environmental- 
friendly  sustainable  power  applications,  because  they  are  able  to 
produce  electricity  by  oxidizing  a  variety  of  organic  substrates 
available  in  wastewaters  with  microorganisms.  Due  to  the  sluggish 
anode  kinetics  and  the  limited  organic  concentrations  in  waste- 
waters,  the  power  generated  from  MFCs  is  orders  of  magnitude 
smaller  than  that  associated  with  hydrogen-based  fuel  cells  [1,2], 
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Many  of  the  studies  to  date  have  concentrated  on  improving  anode 
performance  by  the  search  of  effective  anode  materials  [3-8]  and 
microorganisms  [9,10]  in  order  to  boost  the  power.  However,  the 
resulting  power  was  still  limited  with  respect  to  the  power  demand 
of  most  electronic  devices  [11,12],  To  fill  the  gap,  some  researchers 
[11,13,14]  have  proposed  an  alternative  solution  by  which  the  en¬ 
ergy  generated  in  MFCs  are  first  accumulated  in  an  external 
capacitor  and  then  dissipated  in  a  short  time  of  high  power  to  the 
electronic  device.  Their  results  have  shown  that  the  use  of  capacitor 
allowed  more  energy  harvested  when  MFCs  were  operated  inter¬ 
mittently  rather  than  continuously. 

Instead  of  the  use  of  the  external  capacitor,  a  recent  study  [15] 
has  developed  an  integrated  anode  system  that  incorporated 
capacitive  material  into  the  bioanode,  leading  to  the  conclusion 
that  the  capacitive  anode  performed  better  than  the  noncapacitive 
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counterpart  in  terms  of  more  charge  stored  during  the  charge- 
discharge  experiment.  This  novel  concept  makes  the  anode  func¬ 
tion  as  a  biocapacitor  which  shares  the  same  electrolyte,  membrane 
and  counter  electrode  (cathode)  with  the  MFC.  Thus,  the  MFC  under 
such  a  case  can  not  only  generate  bioelectricity,  but  also  store  and 
release  energy.  Fig.  1  illustrates  the  concept  of  using  an  MFC  as  the 
biocapacitor  in  which  the  anode  accumulates  electrons  from  bac¬ 
teria  for  charging  when  switch  is  open  and  releases  electrons  to  the 
external  circuit  for  discharging  when  switch  is  closed. 

Deeke  and  his  coworkers  [15]  prepared  the  capacitive  anode  by 
adding  activated  carbon  powder  and  polymers  including  NMP  (N- 
methyl-2-pyrrolidone)  and  PVDF  (poly(vinylidene  fluoride))  to  the 
current  collector.  However,  these  may  not  be  the  optimal  anode 
materials  due  to  their  relatively  low  capacitance  and  low  electrical 
conductivity.  Indeed,  pseudo-capacitive  materials  including  tran¬ 
sition  metal  oxides  like  Ru02  and  conductive  polymers  like  poly¬ 
pyrrole  (PPy)  are  more  appropriate  for  being  used  in  the  anode 
owing  to  their  fast  and  reversible  redox  behavior,  large  surface  area, 
and  favorable  metallic  conductivity  [16,17],  It  is  well  recognized 
that  their  capacitance  is  typically  2—3  times  larger  than  that  of  the 
carbon  based  materials  [18],  More  importantly,  our  previous 
studies  [19,20]  have  demonstrated  that  they  can  interact  well  with 
the  microorganisms  and  promote  electron  transfer  from  the  mi¬ 
croorganisms  to  the  anode.  In  particular,  it  is  of  great  concern  about 
how  the  anode  capacitance  affects  the  amounts  of  charge  stored 
and  how  the  long-term  operation  affects  performance  of  the 
capacitive  materials,  because  these  are  important  considerations 
for  selection  of  anode  materials  and  optimization  of  experimental 
design. 


equivalent  anode  system,  an  equivalent  cathode  system  and  an  external  circuit.  Ranode 
and  Rcathode  represent  the  sum  of  charge-transfer  resistance,  diffusion  resistance  and 
ohmic  resistance  at  the  anode  and  cathode,  respectively.  The  capacitive  anode  stores 
electrons  from  bacteria  when  switch  S  is  open  and  releases  electrons  to  the  external 
circuit  when  switch  S  is  closed. 


The  present  study  thus  aimed  to  verify  the  ability  of  the  anode 
containing  pseudo-capacitive  materials  to  function  as  a  bio¬ 
capacitor,  which  can  store  bioelectrons  generated  from  microbial 
oxidation  of  substrate  and  release  the  accumulated  charge  during 
the  discharge  experiment.  To  meet  this  goal,  a  series  of  polypyrrole 
(PPy)/9,10-anthraquinone-2-sulfonic  acid  sodium  salt  (AQS)-  and 
RuC>2-modified  carbon  felt  anodes  were  prepared  and  the  in¬ 
fluences  of  their  specific  capacitance  on  the  extent  of  accumulated 
charge  were  evaluated.  The  energy  stored  in  the  biocapacitor  was 
calculated  and  further  calculation  of  the  average  power  density  was 
performed  given  that  the  energy  was  dissipated  in  a  short  time.  In 
addition,  attention  was  devoted  to  investigate  the  cycling  durability 
of  the  biocapacitor  by  running  the  long-term  tests  with  repeatable 
charging  and  discharging. 

2.  Experimental 

2.1.  Preparation  of  pseudo-capacitive  anode  materials 

Ru02  and  conducting  polymer  are  widely  used  in  supercapacitor 
applications  due  to  their  electrical  conductivity  and  reversible  redox 
reactions.  Here,  PPy-modified  and  Ru02-modified  carbon  felt  elec¬ 
trodes  as  the  anodes  were  prepared  according  to  the  procedures 
described  in  our  previous  work  [19,20],  The  starting  anode  substrate 
was  a  piece  of  carbon  felt  (3.0  cm  x  2.0  cm  x  0.5  cm)  that  was 
cleaned  in  a  hot  H202  (10%,  90  °C)  solution  for  3  h,  followed  by 
thorough  rinse  with  deionized  water  and  dry  at  60  °C.  A  Ti  wire 
(1  mm  in  diameter)  was  inserted  inside  the  carbon  felt  to  allow  the 
external  circuit  connection.  The  room-temperature  electrodeposi¬ 
tion  was  performed  in  a  three-electrode  electrochemical  cell 
including  a  working  electrode  (carbon  felt),  a  reference  electrode 
(saturated  calomel  electrode,  SCE)  and  a  counter  electrode  (Pt 
mesh).  It  should  be  noted  that  all  the  potentials  reported  throughout 
this  paper  were  referred  to  SCE,  if  not  otherwise  stated.  To  deposit 
AQS  doped-PPy  films  on  the  carbon  felt,  a  constant  potential  of  0.8  V 
was  applied  for  the  anodic  electropolymerization  in  a  non-stirred 
N2-saturated  solution  that  contained  0.1  M  pyrrole  monomer  and 
5  mM  AQS.  Ru02-modified  carbon  felt  samples  were  prepared  from 
a  RuCb  (0.05  M)  solution  under  the  galvanostatic  condition  by 
applying  a  constant  current  density  of  5  mA  cm-2  (normalized  to  the 
projected  area  of  electrode)  which  was  controlled  by  a  potentiostat 
(CHI  660C,  Shanghai  CH  Instrument  Company,  China).  The  differ¬ 
ence  in  capacitance  among  these  modifying  materials  was 
controlled  by  varying  the  total  charge  passed  to  the  working  elec¬ 
trode.  The  freshly  prepared  Ru02-modified  and  PPy/AQS-modified 
carbon  felt  anodes  were  then  thoroughly  rinsed  with  distilled  wa¬ 
ter  and  air-dried  at  room  temperature. 

The  capacitance  of  the  synthesized  materials  was  examined 
through  the  galvanostatic  charge— discharge  tests  that  were  per¬ 
formed  at  a  current  load  of  0.5  mA  cm-2  within  the  potential 
window  from  -0.6  to  0.3  V.  The  EIS  measurements  on  resistance  of 
the  anode  materials  were  performed  by  recording  the  impedance 
spectra  at  the  open  circuit  potential  (OCP)  and  in  the  frequency 
range  from  10,000  to  0.01  Hz  with  a  sinusoidal  excitation  signal  of 
10  mV.  All  these  electrochemical  tests  were  carried  out  in  0.1  M 
Na2S04  solution  using  the  same  three-electrode  electrochemical 
cell  as  described  above. 

2.2.  MFC  construction,  operation  and  tests 

The  two-chamber  MFC  made  of  Perspex  flames  was  fabricated 
as  described  previously  [19—21],  consisting  of  the  modified  carbon 
felt  anode  and  a  bare  carbon  felt  cathode  (3.0  cm  x  2.0  cm  x  0.5  cm) 
in  each  chamber.  The  two  chambers  were  separated  by  a  cation 
exchange  membrane  (Zhejiang  Qianqiu  Group  Co.,  Ltd.  China)  with 
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each  having  an  effective  volume  of  25  mL.  The  anode  chamber  was 
inoculated  with  Shewanella  oneidensis  MR-1  purchased  from  ATCC 
(700550).  The  anolyte  contained  the  lactate-growth  medium 
including  20  mM  lactate  and  0.1  M  phosphate  buffer  solution  (PBS)- 
based  nutrient  solution  (pH  8.0)  consisting  of  5.84  g  L-1  NaCl, 
0.10  g  L-1  KC1, 0.25  g  L_1  NH4CI,  10  mL  of  vitamin  solution  and  10  mL 
of  mineral  solution.  The  cathode  chamber  was  fed  with  a  PBS  so¬ 
lution  (0.1  M,  pH  7.0)  containing  50  mM  potassium  hex- 
acyanoferrate  as  the  electron  acceptor.  All  MFCs  were  operated  at  a 
controlled  temperature  of  30  °C.  A  32-channel  voltage  collection 
instrument  (AD8223,  China)  was  used  to  record  the  cell  voltages 
with  a  2000  Q  external  resistance. 

2.3.  Charging  and  discharging  tests 

When  the  MFC  was  run  at  a  steady  state  which  was  indicated  by 
a  relatively  constant  cell  voltage  output  with  an  external  resistance 
of  2000  Q,  the  external  circuit  was  open.  Under  such  a  case,  anode 
charging  occurs  because  the  electrons  released  from  the  microbial 
oxidation  of  lactate  can  be  stored  in  the  anode,  as  illustrated  in 
Fig.  1.  The  anodes  were  considered  to  be  fully  charged  when  the 
anode  potentials  decreased  to  the  open-circuit  value.  The  charging 
time  was  varied  from  2  to  5  h,  depending  on  the  anode  capacitance. 
The  discharging  tests  were  performed  with  chronoamperometry  at 
a  polarization  potential  of  0  V  in  a  three-electrode  mode.  The 
anode,  the  SCE  in  the  anode  chamber  and  the  cathode  was  used  as 
the  working  electrode,  the  reference  electrode  and  the  counter 
electrode,  respectively.  The  discharging  time  was  20  min. 

For  the  long-term  experiments,  the  biocapacitor  (i.e.,  MFC)  was 
operated  over  six  months  and  repeatedly  amended  with  the  fresh 
substrate  once  it  was  consumed  by  microbial  oxidation.  The 
charging  and  discharging  tests  were  performed  during  each 
feeding  cycle,  following  the  procedure  described  above. 

2.4.  Scanning  electron  microscope  (SEM)  tests 

Surface  morphologies  of  the  anodes  before  and  after  inoculation 
with  bacteria  were  examined  using  SEM  (S-3000N  or  S-3700N, 
Hitachi,  Japan).  To  stabilize  the  bacteria  attached  to  the  anode,  the 
sample  (cut  from  the  anode)  was  first  immersed  in  3%  glutaralde- 
hyde  solution  for  5  h.  It  was  then  rinsed  with  a  PBS  solution  (pH  7.0) 
three  times,  followed  by  dehydration  with  increasing  concentration 
of  ethanol  (34%,  50%,  75%,  and  95%)  for  10  min  each  and  further 
rinses  in  isoamyl  acetate  twice  (10  min  each  time).  Prior  to  SEM 
tests,  the  sample  was  dried  at  CC>2-critical  point  for  3  h  and  then 
sputtered  with  a  thin  coating  layer  of  gold. 

3.  Results  and  discussion 

3.1.  Specific  capacitance  of  pseudo-capacitive  anode  materials 

A  series  of  anode  materials  consisting  of  PPy/AQS  or  RuC>2  com¬ 
posite  films  modified  on  the  carbon  felt  electrodes  were  prepared  by 
electrodeposition  and  their  capacitances  were  determined  before 
they  were  mounted  onto  the  anodes  of  MFCs.  Scanning  electron 
microscopy  (SEM)  tests  showed  that  all  of  them  possessed  a  submi- 
cron-/nano-composite  network  structure  (data  not  shown),  as  illus¬ 
trated  in  our  previous  reports  [20,22],  Changes  in  the  specific 
capacitance  as  a  function  of  the  controlled  charges  applied  for  elec¬ 
trodeposition  were  investigated  by  galvanostatic  tests.  Fig.  2  shows 
that  all  the  galvanostatic  charging-discharging  curves  featured  a 
mirror-like  profile  during  one  charge-discharge  cycle,  in  good 
agreement  with  that  observed  in  our  previous  work  [22],  The  high 
linearity  and  symmetry  suggests  that  both  PPy/AQS  and  RuC>2  exhibit 


Fig.  2.  Variations  in  galvanostatic  charge-discharge  curve  as  a  result  of  different 
charge  applied  for  the  growth  of  PPy/AQS  and  Ru02  composite  films  on  the  felt  elec¬ 
trodes.  Specific  capacitance  was  calculated  based  on  Equation  (1).  The  control  anode 
without  modifications  has  a  specific  capacitance  of  0.03  F  cm~2  corresponding  to 
0  C  cm-2  of  applied  charge. 

good  charging— discharging  reversibility  as  capacitive  materials.  The 
specific  capacitance  (C)  can  be  calculated  from  the  curve  according  to: 

q  _  ^charge-discharge  x  ^  ^  j 

^charge-discharge  x  ^ 

where  /charge-discharge  is  the  charge-discharge  current;  t  is  the 
discharge  time;  UCharge-discharge  is  the  potential  window;  and  A  is 
the  projected  anode  surface  area.  An  increase  in  the  specific 
capacitance  with  the  increasing  charge  applied  was  clearly  visible 
for  all  electrodes.  For  example,  when  the  charge  was  changed  from 
0  to  15  C  cm~2,  the  capacitance  of  PPy/AQS-modified  electrode 
increased  from  0.03  to  2.01  F  cm-2.  For  Ru02-modified  electrode,  an 
applied  charge  of  30  C  cm-2  resulted  in  the  capacitance  of 
3.74  F  cm-2,  increased  by  2.6  times  as  compared  to  that  associated 
with  10  C  cm  2  charge. 

3.2.  The  modified  anode  functioning  as  a  biocapacitor 

To  explore  that  the  anodes  modified  with  the  pseudo-capacitive 
anode  materials  can  function  as  capacitors,  charging  and  discharg¬ 
ing  experiments  were  performed  to  identify  their  ability  to  store 
electrons  from  the  bacteria  under  the  open-circuit  condition  and 
release  the  accumulated  charge  upon  a  constant  potential  applied. 
For  the  charging  tests,  changes  in  the  anode  potential  were  recorded 
as  a  function  of  time  after  the  electrical  circuit  was  open.  Fig.  3 
shows  the  representative  data  collected  from  different  anodes 
(including  the  unmodified  carbon  felt  anode  with  a  specific 


ZLvetal  / } 


645 


(a)  PPy/AQS  (b)  RuO; 
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same  anode  potential  of  -0.30  V.  For  comparison,  data  sets  associated  with  the  unmodified  anode  (0.03  F  cm  2)  were  also  shown. 


capacitance  of  0.03  F  cm-2)  whose  potentials  decreased  over  time 
during  the  3-h  open-circuit  operation.  No  immediate  potential  drop 
was  observed  for  all  the  anodes.  This  observation  was  an  indicative 
of  the  fact  that  the  anodes  had  the  ability  to  store  electrons,  other¬ 
wise  the  anode  potential  should  drop  to  the  open-circuit  potential  in 
a  short  time  [15].  In  addition,  the  extent  of  potential  drop  at  the 
same  time  interval  was  strongly  affected  by  the  differences  in  the 
specific  capacitance  of  the  anode.  As  shown  from  Fig.  3,  the  3-h  open 
circuit  operation  caused  a  larger  decrease  in  the  potential 
from  —0.30  to  —0.55  V  for  the  unmodified  anode,  as  compared  to  the 
potential  decrease  from  -0.30  to  -0.47  V  for  the  PPy/AQS-modified 
anode  with  the  specific  capacitance  of  2.01  F  cm-2.  Increasing  the 
specific  capacitance  of  anodes  either  containing  PPy/AQS  or  Ru02 


decreased  the  rate  of  potential  drop.  The  slowest  potential  decrease 
(from  -0.30  to  —0.39  V)  corresponded  well  with  the  highest  specific 
capacitance  (3.74  F  cm-2)  of  the  investigated  anodes. 

After  the  anodes  were  fully  charged  as  evident  from  the  obser¬ 
vation  that  these  anode  potentials  decreased  to  the  open-circuit 
value,  they  were  allowed  for  discharge.  Fig.  4a  and  b  shows 
typical  chronoamperometric  curves  obtained  at  a  polarization  po¬ 
tential  of  0  V  for  different  anodes  (including  the  unmodified  carbon 
felt  anode  with  a  specific  capacitance  of  0.03  F  cm-2)  that  were 
charged  under  the  open-circuit  condition.  All  the  curves  exhibited  a 
current  peak  at  the  beginning  of  the  discharge  test,  followed  by  a 
rapid  current  decay  until  it  approached  a  relatively  constant  value. 
This  profile  was  in  consistent  with  the  previous  study  [23]  showing 
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that  the  capacitive  anode  had  the  ability  to  store  electrons.  The 
height  of  the  peak  was  found  to  highly  depend  on  the  specific 
capacitance.  By  integrating  the  discharge  current  (!)  with  the  time 
(t),  the  accumulated  charge  (Q)  released  during  chronoampero- 
metric  tests  was  obtained,  as  illustrated  in  the  following  equation: 

Q  =  Jldt  (2) 

o 

It  has  been  shown  in  Fig.  4c  that  for  PPy/AQS-  or  RuC>2-modifed 
carbon  felt  anodes,  the  larger  the  specific  capacitance,  the  greater 
the  amount  of  charge  released.  For  example,  the  RuC>2-modified 
anode  with  a  capacitance  of  3.74  F  cm-2  can  release  1.85  C  cm-2  of 
charge,  18  times  larger  than  0.10  C  cm'2  associated  with  the  un¬ 
modified  anode.  A  linear  relationship  between  them  was  observed 
as  indicated  by  R2  —  0.903  for  regression  of  all  of  the  anodes  together. 

The  data  presented  in  Figs.  3  and  4  provided  evidence  that  the 
anode  having  high  capacitance  was  able  to  function  as  a  biocapacitor 
and  that  the  increasing  anode  capacitance  was  responsible  for 


more  electrons  stored  and  then  released.  Several  previous  studies 
[23—26]  have  reported  the  promising  findings  that  c-type  cyto¬ 
chromes  embedded  in  the  biofilms  can  act  as  capacitors  to  store 
electrons  in  the  periplasm  and  outer  membrane,  opening  new 
possibilities  for  design  of  supercapacitor  using  living  microbes  [27], 
It  is  likely  that  the  amount  of  charge  stored  under  the  open-circuit 
condition  does  not  only  depend  on  the  pseudo-capacitance  mate¬ 
rials  but  also  on  the  biofilms. 

To  identify  the  contribution  of  the  biofilm  capacitance  to  the 
overall  capacitance  of  the  modified  anode  with  bacteria,  the  un¬ 
modified  anode  with  the  lowest  value  of  capacitance  (0.03  F  cm-2) 
was  chosen  for  this  investigation  because  it  is  relatively  stable  upon 
long-term  tests  and  its  capacitance  may  not  obscure  the  contribu¬ 
tion  of  biofilm  capacitance.  Fig.  5a-d  shows  the  SEM  images  of 
biofilm  grown  on  the  unmodified  carbon  felt  anode.  It  was 
noticeable  that  increasing  operation  time  resulted  in  a  drastic  in¬ 
crease  in  the  amount  of  bacteria  attached  on  the  solid  electrode. 
Fig.  5e  presents  the  galvanostatic  charge-discharge  curves  of  this 
anode  recorded  at  Day  0  (without  bacteria),  Day  14  and  Day  180, 


(e) 


Time  (s) 

Fig.  5.  SEM  images  of  the  unmodified  carbon  felt  anode  taken  (a)  at  Day  0  without  the  inoculation  of  Shewanella  oneidensis  MR-1,  (b)  at  Day  14  and  (c  &  d)  Day  180  with  the 
inoculation  of  Shewanella  oneidensis  MR-1,  with  magnification  of  (a)  3000x,  (b)  3000x,  (c)  lOOx  and  (d)  9000x.  (d)  Galvanostatic  charge-discharge  curves  of  the  unmodified  anode 
recorded  at  Day  0  (without  bacteria),  Day  14  and  Day  180. 
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indicating  the  increased  capacitance  due  to  more  amounts  of  bac¬ 
teria  grown.  The  calculated  anode  capacitance  was  0.03,  0.05,  and 
0.08  F  cm-2,  corresponding  to  Day  0,  Day  14  and  Day  180,  respec¬ 
tively.  The  difference  in  the  anode  capacitance  between  the 
bacteria-adhered  anode  and  the  abiotic  control  was  considered  to 
be  the  Shewanella  biofilm  capacitance,  by  assuming  that  long-term 
tests  caused  insignificant  loss  of  capacitance  associated  with  the 
substrate  material  (i.e.,  carbon  felt).  It  was  found  that  operation  of 
14  days  resulted  in  a  biofilm  capacitance  of  0.02  F  cm-2.  Despite  the 
distinct  observation  of  thick  biofilm  grown  on  the  carbon  felt  anode 
over  180-day  operation,  the  anode  at  Day  180  exhibited  a  biofilm 
capacitance  of  0.05  F  cm  2  that  was  only  2.5  times  larger  than  that 
obtained  at  Day  14.  This  should  be  ascribed  to  the  low  electrical 
conductivity  of  bacteria,  an  intrinsic  feature  of  living  organisms. 

It  should  be  noted  that  the  capacitance  value  of  0.05  F  cm-2  in 
relation  to  Shewanella  biofilm  is  much  larger  than  that  (0.62  mF  cm-2) 
of  Geobacter  biofilm  as  reported  by  Malvankar  et  al.  [27],  possibly  due 
to  the  facts  that  G.  suljurreducens  biofilms  were  grown  on  a  gold 
electrode  which  has  a  much  smaller  specific  surface  area,  and  that  the 
duration  time  for  acclimation  of  Geobacter  biofilm  was  only  100  h.  Our 
reported  value  is  comparative  to  that  associated  with  mixed  micro¬ 
bial  culture  grown  on  the  activated  carbon  anode  [28].  Nevertheless, 
the  value  (0.05  F  cm”2)  at  Day  180  was  still  10-75  times  lower  than 
that  of  synthesized  capacitive  materials,  confirming  that  the  contri¬ 
bution  of  the  Shewanella  biofilm  grown  on  the  modified  electrodes 
to  the  overall  anode  capacitance  was  insignificant,  particularly 
in  regards  to  the  Ru02-modified  anode  with  a  capacitance  of 
3.74  F  cm”2. 

3.3.  Electron  transport  mechanism  in  the  biocapacitor 

The  mechanism  governing  electron  transport  in  the  biocapacitor 
is  proposed  and  illustrated  in  Fig.  6.  Here,  possible  reactions 
involved  for  charging  and  discharging  were  presented.  Under  the 
case  of  anode  charging,  biotic  and  abiotic  reactions  take  place 
sequentially.  Microbial  oxidation  of  organic  substrate  first  gener¬ 
ates  bioelectrons  which  are  then  transferred  to  the  solid  anode 
surface.  For  the  RuCh-modifed  carbon  felt  anode,  these  electrons 
drive  the  reduction  reactions  between  the  oxidation  states  Ru  (IV) 
and  Ru  (II);  For  the  PPy/AQS-modified  carbon  felt  anode,  both  PPy 
and  AQS  can  react  with  the  electrons,  resulting  in  the  formation  of 
reduced  PPy  and  AQS.  In  comparison  to  microbial  reaction  that 
liberated  electrons  from  organic  substrate,  the  abiotic  reactions 


proceed  at  a  faster  rate.  Under  the  case  of  anode  discharging,  the 
stored  electrons  are  then  released  as  a  consequence  of  the  re¬ 
oxidation  of  Ru  (II)  or  reduced  PPy  and  AQS,  coupled  to  the 
reduction  of  the  terminal  electron  acceptors. 

3.4.  Calculations  on  the  energy  stored  in  the  biocapacitor  and 
average  power  density  dissipated  in  a  short  time 

The  energy  (W)  stored  in  the  biocapacitor  during  the  open- 
circuit  charging  was  calculated  based  on  the  following  equation: 

W  =  \ CU 2  (3) 

where  C  is  the  specific  capacitance  of  anode;  U  is  the  anode  po¬ 
tential  after  charging.  If  the  energy  was  dissipated  in  a  short  time 
(t),  the  average  power  generation  (P)  can  be  expressed  as: 


Table  1  lists  the  values  of  the  energy  and  average  power  density 
as  a  function  of  the  anode  capacitance.  The  results  indicated  that 

Table  1 

Dependence  of  stored  energy  and  average  power  density  on  anode  capacitance. 
Average  power  density  was  calculated  assuming  the  stored  energy  was  dissipated  in 


Surface  Specific  Specific 

modifications  capacitance  Energy 

(F  cm  2)  stored 

(Whm”2) 


Unmodified  0.03  0.013 

carbon  felt  anode 

PPy/AQS-modified  0.50  0.22 

carbon  felt  anodes  0.64  0.27 

0.96  0.41 

1.31  0.55 

2.01  0.81 

Ru02-modified  0.09  0.036 

carbon  felt  anodes  0.70  0.47 

1.42  0.58 

1.87  0.71 

3.74  1.19 


Average  power 
density  (W  m”2)  calculated 
based  on  the  stored  energy 
dissipated  in  a 
specific  time  (t) 


0.80  0.080 

12.98  1.30 

16.35  1.64 

24.45  2.45 

32.71  3.27 

48.79  4.88 

2.14  0.21 

27.98  2.798 

34.55  3.46 

42.34  4.23 

71.43  7.14 
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the  energy  stored  and  the  average  power  generation  was  strongly 
dependent  on  the  anode  capacitance,  in  agreement  with  the 
relationship  between  the  amount  of  released  charge  with  the 
anode  capacitance.  Also,  it  can  be  seen  that  the  1-min  discharge  of 
the  stored  energy  for  the  Ru02-biocapacitor  (3.74  F  cm-2)  resulted 
in  an  average  power  density  of  71.43  W  m-2,  while  this  value 
largely  decreased  with  the  increase  in  the  discharge  time,  with 
7.14  W  m  2  related  to  the  10-min  discharge.  These  values  were 
much  higher  than  those  (e.g,.  0.1-4  W  m  2)  reported  in  the  cur¬ 
rent  studies  [29—34]  among  which  the  MFC  was  operated 
continuously.  These  results  suggested  that  the  biocapacitor,  oper¬ 
ated  in  an  intermittent  mode,  has  potential  of  powering  some 
electronic  devices. 

3.5.  Cycling  durability  of  the  biocapacitor 

The  cycling  durability  of  the  biocapacitor  was  evaluated  by 
running  the  long-term  tests  with  repeatable  charging-discharging 
experiments.  Fig.  7a  shows  the  representative  data  with  respect  to 
the  Ru02  biocapacitor  and  the  control  biocapacitor.  For  the  Ru02- 
modified  anode  with  an  initial  capacitance  of  3.74  F  cm-2,  it  can  be 
seen  that  10-cycle  operation  (about  one  month)  caused  6%  loss  in 
the  released  charge,  whereas  40%  loss  was  observed  for  60  cycles 
(about  six  months).  In  contrast,  for  the  unmodified  carbon  felt 
anode  with  an  initial  capacitance  of  0.03  F  cm-2,  the  released 
charge  after  the  six-month  operation  increased  by  a  factor  of  2.4  as 
compared  to  the  value  obtained  in  the  first  cycle.  The  loss  or  in¬ 
crease  is  mainly  attributed  to  the  decrease  or  increase  in  the 
capacitance  of  the  used  anode,  as  evident  from  Figs.  5d  and  7a.  For 
example,  the  used  Ru02-modified  anode  possessed  a  specific 
capacitance  of  2.22  F  cm-2,  decreased  by  41%  compared  to  its  initial 


value.  By  fitting  2.22  F  cm-2  with  the  linear  regression  equation 
(Fig.  4c),  one  can  predict  the  charge  value  of  1.30  C  cm-2,  which  was 
approximately  equal  to  1.13  C  cm  2  measured  after  60-cycle 
operation. 

Although  the  long-term  operation  allowed  the  growth  of  thick 
biofilm  (Fig.  7c  and  d)  that  contributed  to  the  overall  anode 
capacitance,  the  dissolution  of  the  modifying  materials  upon 
repeatable  charging  and  discharging  should  account  for  the 
remarkable  decrease  in  the  capacitance  of  the  Ru02-modified 
anode.  This  is  evident  also  from  the  SEM  results  (Fig.  7c  and  d)  that 
the  three-dimension  Ru02  particles  visible  in  the  electrode  surface 
at  Day  0  distinctly  disappeared  from  the  electrode  surface  at  Day 
180.  Since  the  biocapacitor  with  pseudo-capacitive  materials  like 
Ru02  involve  chemical  reactions  of  the  electrode  usually  with 
phase  change,  some  of  the  materials  may  be  corroded  by  both  biotic 
or  abiotic  processes  and  loss  slowly  through  dissolving  as  a  form  of 
ion  into  the  anodic  electrolyte.  Although  these  chemical  reactions 
are  relatively  reversible,  the  repeatable  charging  and  discharging 
tests  often  result  in  irreversible  reaction  products.  In  addition,  the 
strain  developed  in  the  pure  metal  oxide  during  the  charging  and 
discharging  tests  causes  the  cracking  of  the  electrode,  leading  to  the 
dissolution  of  solid  particles  after  long-term  operation  [35].  To 
address  this  issue,  further  research  is  suggested  to  construct  anodes 
with  hybrid  composites  consisting  of  pseudo-capacitive  materials 
and  non-electrochemical  capacitive  materials  (e.g.,  carbon-base 
materials).  The  latter  materials  usually  exhibit  better  cyclic  stabil¬ 
ity  since  the  electrode  undergoes  no  chemical  change  during  the 
charging  and  discharging  process  but  have  lower  capacitance  as 
compared  to  the  pseudo-capacitive  materials  [16],  It  is  expected 
that  the  hybrid  composites  combine  the  merits  and  mitigate  the 
shortcomings  of  both  materials. 
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4.  Conclusions 


The  major  problem  for  real  applications  of  MFC  as  a  clean  power 
source  is  the  much  lower  amount  of  power  generated  than  that 
required  by  most  electronic  devices,  emphasizing  the  need  to 
develop  new  strategy  for  filling  the  gap.  Use  of  a  capacitor  to  store 
energy  produced  by  MFC  proves  to  be  an  effective  approach 
[11,13,14],  because  it  enables  energy  delivery  in  short  bursts  to 
satisfy  the  power  requirements.  Here,  we  demonstrated  that  inte¬ 
gration  of  high-capacitance  pseudo-capacitive  material  into  the 
anode  has  successfully  made  MFC  function  as  a  biocapacitor,  able  to 
store  electrons  produced  from  microbial  oxidation  of  organic  sub¬ 
strate  under  the  open-circuit  condition  and  release  these  electrons 
in  a  short  time  of  enhanced  power.  The  specific  capacitance  of 
anode  is  an  important  factor  controlling  the  amount  of  energy 
stored  and  further  influencing  the  power  generation  once  the 
stored  energy  was  dissipated  in  a  short  time.  Results  showed  a 
linear  relationship  between  the  anode  capacitance  with  the 
amount  of  charge  accumulated  and  released.  Long-term  tests  with 
repeatable  charging— discharging  measurements  revealed  that 
there  was  40%  loss  in  the  capacity  for  charge  storage  with  respect  to 
the  Ru02-modified  biocapacitor  operated  over  six  months,  mainly 
due  to  the  decrease  in  the  anode  capacitance  caused  by  the  disso¬ 
lution  of  the  modifying  materials. 
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